Background. Kallikreins have prognostic value in specific malignancies, but few studies have addressed their clinical significance to glioblastoma multiforme (GBM). Kallikrein 6 (KLK6) is of potential high relevance to GBM, since it is upregulated at sites of CNS pathology and linked to reactive astrogliosis. Here we examine the clinical value of KLK6 as a prognostic indicator of GBM patient survival and its activity in promoting resistance to cytotoxic agents. Methods. The association between patient survival and levels of KLK6 immunoreactivity were investigated in 60 grade IV astrocytoma tumor specimens. Levels of KLK6 RNA were also evaluated in a separate set of GBM patient tumors (n ¼ 23). Recombinant KLK6 or enforced KLK6 overexpression in GBM cell lines was used to evaluate effects on astrocytoma cell survival. Results. A range of KLK6 expression was observed across grade IV tumors, with higher levels a poor prognostic indicator of patient survival (P ¼ .02) even after adjusting for gender and Eastern Cooperative Oncology Group performance scores (P ¼ .01). KLK6 reduced the sensitivity of GBM cell lines to cytotoxic agents, including staurosporine and cisplatin, and to the current standard of patient care: radiotherapy or temozolomide alone or in combination. The ability of KLK6 to promote resistance to apoptosis was dependent on activation of the thrombin receptor, protease activated receptor 1. Conclusions. Taken together, these results indicate that elevated levels of KLK6 in GBM are likely to promote the resistance of tumor cells to cytotoxic agents and are an indicator of reduced patient postsurgical survival times.
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G lioblastoma multiforme (GBM) is classified as
World Health Organization (WHO) grade IV astrocytoma and is the most common and malignant form of primary intracranial tumor in adults. GBM patients have an extremely poor prognosis, with a median survival of only 12 to 15 months. 1 With many of the cellular and molecular signatures of GBM being discovered, it is clear that considerable heterogeneity exists within this tumor type. Heterogeneity is one factor contributing to the poor response of GBM to cell death-inducing agents and its tendency in some cases to be highly proliferative and invasive. 2 -4 Continued investigation regarding the molecular heterogeneity of GBM and the significance of this to tumor survival, dispersion, and therapy resistance will be essential to the development of new targeted therapeutic approaches to improve patient survival.
Kallikreins (KLKs) are a family of 15 secreted serine proteases whose genes are tandemly arranged on chromosome locus 19q13. 4 and that compose the largest contiguous cluster of protease genes of any catalytic class in the human genome. 5 KLKs are hormonally regulated, detected in a wide range of human tissues, and implicated in a broad spectrum of physiological activities, including blood pressure regulation, seminal clot liquefaction, tissue remodeling, peptide hormone processing, and inflammation. 6 The association of several KLK gene family members with malignancy is also clearly recognized, most prominently in the case of prostate, ovarian, and breast cancers. 7 For example, KLK3 (prostate-specific antigen) serves as an important prostate cancer serum marker. 8 Elevations of KLK6 in ovarian cancer are associated with higher grade, later stage, and serous histotype, as well as unfavorable prognosis. 9 -12 KLK6 is also linked to poor survival in nonsmall-cell lung, 13 gastric, 14 and colon cancers. 15, 16 Despite the recognition of the prognostic significance of aberrant KLK levels in diverse cancers, the mechanism by which these secreted serine proteases contribute to tumor progression has been inadequately addressed. While few studies have focused attention on the possible roles of KLKs in brain tumors, it is important to note that chromosome 19q has long been a region of interest to glioma scientists. 17 Significantly, it is known that deletions in chromosome 19q are associated with prolonged survival in patients with oligodendroglioma. 18 In GBM, deletion of the chromosome 19q KLK cluster is associated with longer patient survival; conversely, genetic gain is a poor prognostic indicator. 19, 20 While the role of KLKs in GBM has not been previously examined in detail, several studies have compared expression levels across WHO glioma grades I to IV. For example, among 73 intracranial tumors examined in one study, patients with tumors positive for KLK7 exhibited shortened survival relative to patients in which no KLK7 expression was detected. Across intracranial tumor types, both a significant downregulation 21, 22 and a significant upregulation of KLK6 have been reported. 23 In this study, we have focused our efforts on determining the relationship between KLK6 and patient survival in 60 primary GBM tumor specimens and delineating the significance of elevated KLK6 to tumor cell survival. Results indicate that GBM patients with higher tumor KLK6 levels experience shorter postsurgical survival. Moreover, these studies demonstrate that KLK6 may drive poor GBM patient prognosis by promoting the survival of glioblastoma cells and their resistance to radiotherapy (RT) and temozolomide (TMZ). By further demonstrating that KLK6 can trigger prosurvival effects by activation of protease activated receptor (PAR)1, these studies point to both KLK6 and PAR1 as new potential therapeutic targets to sensitize GBM to cell death induced by conventional therapies, thereby improving patient survival.
Materials and Methods

KLK6 Immunoreactivity in Grades III and IV Astrocytoma
All glioma specimens used in these studies were examined for histopathological features by a neuropathologist and were determined to be WHO grade III or grade IV. Tissue microarrays were prepared from tumor core samples obtained from surgically resected, formalin-fixed paraffin-embedded primary glioma specimens (see Supplementary material, Table S1 , for demographic data). All tumor samples were arrayed in triplicate and sectioned at 5 mM. Two arrays were used in these studies, the first containing 38 grade IV astrocytomas and the second 22 grade IV and 8 grade III astrocytomas. Demographic information and clinical follow-up data were obtained through review of medical records including age at surgery, gender, extent of resection, and Eastern Cooperative Oncology Group (ECOG) performance score (Supplementary material, Table S1 ). The use of human materials in this study was approved by the Mayo Clinic Institutional Review Board.
KLK6 immunoreactivity (IR) was detected using a KLK6-specific monoclonal antibody (MSP-3-3) as previously described in detail. 24 -27 Briefly, deparaffinized sections were treated with citrate solution (BioGenex), and purified primary antibody was applied to sections at a concentration of 10 mg/mL for 18 h at 48C. After sequential application of biotinylated secondary antibody (Jackson Laboratories), followed by peroxidaseconjugated streptavidin, each for 1 h at 208C (DAKO), IR was visualized using 3 ′ ,3 ′ -diaminobenzadine tetrahydrochloride as the substrate. All immunostained sections were counterstained with Gills hematoxylin and imaged with a Bliss digital imaging system that pairs an Axioplan microscope (Zeiss) with a slide scanner (Bacus Laboratories). KLK6 IR in each tumor core was evaluated independently by 2 observers without knowledge of tumor type or demographic information. In each case, a score was assigned for staining intensity (range 1-3: low, medium, high) and for percent of the tumor core stained (range 1 -4 in 25% increments). The final IR score for each tumor was assessed as the product of staining intensity and percent stained. Scores across multiple cores from the same tumor and across the 2 independent observers were averaged. Additional highresolution images were prepared using 100X-oil immersion objective and an Olympus BX51 microscope fitted with an Olympus DP71 camera.
A 2-sample Student's t-test was used to compare differences in KLK6 IR between grade III and grade IV astrocytomas and to determine the significance of differences in KLK6 RNA levels between grade IV tumors and nondiseased brain samples. Cox proportional hazards regression was used to assess the association of KLK6 IR scores with survival across all 60 grade IV astrocytomas. Analysis of the martingale residuals from the Cox proportional hazards regression model as described by Therneau and Grambsh 28 was used to assess the functional form of KLK6 IR scores. This analysis was used to dichotomize KLK6 IR scores into 2 discrete GBM patient populations: those with IR scores ,10 and ≥10. Martingale residuals are similar to the difference between the observed and expected number of events. Both univariable and multivariable models including age, gender, and ECOG performance score as covariables were assessed. Grade IV patients with IR scores ,10 or ≥10 were also used to determine cumulative survival probabilities using the Kaplan -Meier method. In all cases, P , .05 was considered statistically significant.
KLK6 RNA in Grade IV Astrocytoma KLK6 RNA levels were determined in GBM tumor specimens that were snap frozen at the time of surgical resection (n ¼ 23). To accurately identify the area of tumor tissue, a 5-mM frozen section from each specimen was stained with hematoxylin and eosin and the tumor area circled by a neuropathologist. Additional, 10-mM frozen sections were then macrodissected on dry ice and the tumor tissue only placed in Trizol Reagent (Invitrogen) prior to RNA extraction. 29 Levels of KLK6 in RNA obtained from GBM were compared with those in 6 control nondiseased human total brain samples derived from 3 separate commercial sources (Ambion, Clontech, and Stratagene).
Real-time reverse transcription (RT)-PCR was used to determine KLK6 RNA expression levels in GBM patient and cell line samples. In each case, total RNA (0.5 mg) was amplified using Light Cycler-RNA Amplification Kit SYBR Green I (Roche Diagnostics). Levels of human KLK6 were normalized to levels of the constitutively expressed gene glyceraldehyde phosphate 3-dehydrogenase (GAPDH) to control for loading. Primer sequences used for amplification of KLK6 were forward 5 ′ -TGCCAGGGTGATTCTGGG-3 ′ and reverse 5 ′ -TGC AGACGTTGGTGTAGACT-3 ′ ; and for GAPDH forward 5
′ -ACCACCATGGAGAAGGC-3 ′ and reverse 5 ′ -GGCATGGACTGTGGTCATGA-3 ′ . 30, 31 Expression levels were quantified relative to standard curves created by amplification of vectors containing known dilutions of each gene of interest.
Astrocytoma Culture Conditions
U251 and SF767 astrocytoma cell lines were cultured in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (Atlanta Biologicals). The U251 cell line was provided by Dr R. Jenkins, and the SF767 cell line by Dr J. Sarkaria (Mayo Clinic). All cultures were maintained at 378C in 95% air and 5% CO 2 . U251 astrocytoma cell transfection was accomplished using Lipofectamine 2000 (Invitrogen). To avoid the influence of potential contaminating proteases or protease inhibitors in serumcontaining media, all experiments were completed under defined, serum-free conditions in neurobasal A media supplemented with 1% B-27, 0.5% N-2 (Invitrogen), 50 U/mL penicillin-streptomycin, 0.45% glucose, 2 mM Glutamax, 1 mM sodium pyruvate, and 50 mM b-mercaptoethanol.
Evaluation of the Effects of Elevated Levels of KLK6 on GBM Cell Survival
To determine the potential effects of increased KLK6 on GBM cell survival, we examined the ability of wellcharacterized apoptosis-inducing agents to elicit cell death in U251 astrocytoma cells treated with recombinant protease or stably transfected with a cytomegalovirus (CMV)-driven KLK6 expression construct.
Recombinant KLK6 was heterologously expressed from insect cells, activated from its zymogen form, and purified as previously described. 27,31 -33 Astrocytoma cells were treated with KLK6 (1-10 mg/mL; 30 -300 nM) for 2 h prior to application of cell deathinducing agents. Enforced expression of KLK6 was accomplished by transfection of U251 astrocytoma cells with a vector containing the full-length human KLK6 gene (NM_002774) fused to a green fluorescent protein (GFP) expression cassette under the control of a CMV promoter (pReceiver-MO3; GeneCopoeia). 31 An empty pReceiver-MO3 GFP vector was used as a control. Cell lines stably expressing these vectors were selected using 500 mg/mL G418 (Mediatech). Overexpression was verified by examination of KLK6 RNA levels by real time RT-PCR and examination of GFP fluorescence in transfected cells.
To determine the possible role of PAR1 in mediating the cellular effects of KLK6 in GBM, knockdown of human PAR1 RNA was accomplished by transfection of U251 astrocytoma cells with PAR1 short hairpin (sh)RNA. Five knockdown vectors were screened and 2 identified, which produced significant knockdown of PAR1 RNA levels (NM_001992.x-2152s1c1 or NM_ 001992.x-1147s1c1). MISSION pLKO.1-puro nonmammalian shRNA control plasmid DNA (SHC002) was utilized as a transfection control (Sigma). Cells stably transfected with each vector were selected using 1 mg/mL puromycin. Knockdown of PAR1 was validated by determination of PAR1 RNA expression levels in RNA extracted from stably transfected cells using realtime RT-PCR with forward 5
′ -CTGTTGTCTGCC CGCAC-3 ′ and reverse 5 ′ -ACTAATCTGTATTCAGT TAACCCACTT-3 ′ primers. The effects of KLK6 on GBM cell survival were examined across multiple cell death paradigms using flow cytometric markers of cell death and apoptosis 31 or colony-forming assays. The cell death paradigms examined included staurosporine and cisplatin, in addition to conventional therapies currently used in GBM patients, that is, RT, TMZ, or RT + TMZ. 34 The dose chosen for each treatment was based on previously published reports and preliminary dose response assays using the cell growth conditions applied in this study. 35 -37 Staurosporine and cisplatin are widely used tools to dissect mechanisms of apoptosis, including those related to glioblastoma. 38, 39 Staurosporine is a pan -tyrosine kinase inhibitor and was applied to cells at 1-2 mM for 18 h prior to examination of cell death by flow cytometry. Cisplatin induces cell death by cross-linking DNA and was applied to cells at 2.5 mg/mL for 24 h in experiments examining cell death by flow cytometry, or at 0.1 mg/mL for 48 h in colony-forming assays (APP Pharmaceuticals). TMZ is an alkylating agent and was applied at 10 mM for 24 h (Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis, National Cancer Institute). Radiation resulting in DNA damage was delivered using a cesium-137 source at a dose rate of 7.93 Gy/min for a total dose of either 2 or 5 Gy. Cell death in response to RT and TMZ was examined using clonogenicity assays. In each case, cells were treated in triplicate and experiments repeated independently at least 3 times with parallel results. Treatment groups were compared using 2-sample Student's t-tests with P , .05 considered significantly different.
To quantify cell death by flow cytometry, unfixed cells were labeled with 2 mg/mL propidium iodide (PI) or 6.5 mg/mL 7-aminoactinomycin D (7-AAD) at the end point of each experiment. In some cases, the extent of apoptosis was also evaluated by co-labeling cells with annexin V conjugated with fluorescein isothiocyanate (FITC; eBioscience), permitting identification of cells that were live (annexin V-FITC 2 and PI 2 ), early apoptotic (annexin V-FITC + and PI 2 ), or dead (annexin V-FITC + and PI + ). Cells were analyzed using either a FACScan or FACSCalibur flow cytometer (BD Biosciences). FlowJo software was used to analyze raw data. All samples were run in triplicate and each experiment repeated independently at least 3 times.
Colony-forming assays were used to determine the effect of enforced KLK6 expression on U251 astrocytoma cell survival or sensitivity to cell death induced by cisplatin, RT, or TMZ alone, or RT + TMZ. Since the initial plating density could impact results, preliminary experiments were used to determine a single plating density that would yield a quantifiable number of nonoverlapping colonies across control and drug treatment conditions. Naive U251 cells, or those stably transfected with the KLK6 or control expression vectors, were plated in triplicate at cells per well of 1 × 10 3 (no treatment), 2 × 10 3 (single treatments), or 5 × 10 3 (combined treatments), in defined media on 24-well plates coated with poly-L-lysine (10 mg/mL). Two hours after plating, cells were treated with cisplatin (0.1 mg/mL), ionizing RT (2 or 5 Gy), and/or TMZ (10 mM) for 24 h. Media were replaced after treatment and surviving cells permitted to expand over a 14-day period before being fixed and stained with 10% crystal violet (Sigma) in 1% ethanol. Plates were air-dried and scanned (Epson Perfection v700 scanner) and the number of colonies counted by visual inspection without knowledge of the treatment groups. In each case, data are presented as the mean number of colonies formed as a ratio to the number of cells initially plated.
To further evaluate the effects of KLK6 on the apoptosis cascade, we examined its effects on cleavage of poly-ADP-ribose polymerase (PARP), one of the final substrates of caspase-3. U251 glioma cells were plated in serum-free media at 4 × 10 5 cells per well in 6-well plates and pretreated with recombinant KLK6 (10 mg/ mL) for 1 h prior to application of 2 mM staurosporine for an additional 6 h. Protein lysates were then prepared using radioimmunoprecipitation assay buffer and proteins separated on sodium dodecyl sulfate-polyacrylamide gels prior to transfer to nitrocellulose membranes (Bio-Rad Laboratories). PARP was detected using a monoclonal antibody that was a gift from Dr S. Kauffman (Mayo Clinic). 40 Equal loading was verified by reprobing blots for b-actin (Novus). In all cases, proteins of interest were detected on film using SuperSignal West Pico Chemiluminescent Substrate.
For quantification, films were scanned and images quantified using Image Lab 2.0 software (Bio-Rad). Both the upper band corresponding to a 116-kDa intact form and the signature 89-kDa caspase-generated fragment were normalized to actin. All western blots were repeated 3 times using separate cell culture preparations, with similar results. 41 
Results
Kallikrein 6 Is Elevated in GBM and Is Associated With Reduced Patient Survival
The potential clinical significance of KLK6 in GBM was assessed by comparing the levels of KLK6 IR in primary grade IV (n ¼ 60) and grade III (n ¼ 8) tumor core samples contained on 2 tissue microarrays. KLK6 immunostaining was detectable in all tumor cores examined, with the level of IR (reflecting) markedly elevated in grade IV (7.7 + 2.4 SEM) relative to grade III specimens (2.4 + 1.5 SEM) (P , .001, 2-sample t-test) (Fig. 1A and B, Supplementary material, Table S2 ). In each case, KLK6 IR was largely cytoplasmic, with variable extracellular staining also observed, including staining of the interstitial stroma in some cases (Fig. 1C-L) .
To determine the possible prognostic significance of elevated KLK6 in grade IV astrocytoma, we determined the relationship between KLK6 IR scores and patient survival. Univariable Cox proportional hazards regression analysis of KLK6 IR scores across all 60 GBM patient tumor specimens demonstrated that elevated levels were associated with significantly reduced patient survival (hazard ratio [HR] ¼ 1.16, 95% confidence interval [CI] ¼ 1.02-1.31, P ¼ .02, Table 1 ). In multivariable Cox modeling, including gender and ECOG performance score, higher tumor KLK6 IR scores were a poor prognostic indicator of patient survival (HR ¼ 1.15, 95% CI ¼ 1.01 -1.30, P ¼ .03). When age was also included in the multivariable analysis, tumor KLK6 IR scores were no longer a significant predictor of patient survival ( Table 1) .
The martingale residuals from the Cox proportional hazards regression model were used to dichotomize KLK6 IR scores into 2 discrete GBM patient populations (Fig. 1M To further investigate the elevations seen in KLK6 protein in GBM patient tumor samples, we examined KLK6 RNA levels in an independent set of pathologist-reviewed GBM tumor specimens (n ¼ 23, Fig. 1N, Supplementary material, Table S3 ). GBM KLK6 RNA levels were compared with levels present in nondiseased whole human brain RNA samples (n ¼ 6). Parallel to results at a protein level, GBM samples showed a broad range of KLK6 RNA expression (mean 21.08 + 3.83 SEM, range 1.47 -72.9). KLK6 RNA expression in GBM was significantly higher than that detected in healthy human brain by 20-fold 
Recombinant KLK6 Promotes Survival of Astrocytoma Cells In Vitro
We recently demonstrated that KLK6 promotes the survival of Jurkat leukemia cells and primary lymphocytes in response to a wide range of apoptosis-inducing agents 31 and therefore hypothesized that elevated levels of KLK6 in GBM enhance GBM cell survival, thereby reducing patient survival. To begin to address this hypothesis, we examined whether recombinant KLK6 alters the survival of U251 astrocytoma cells treated with staurosporine (Fig. 2) . Treatment of U251 astrocytoma cells with either 5 or 10 mg/mL of recombinant KLK6 in conjunction with staurosporine resulted in a significant reduction in the number of PI + dead cells and a corresponding increase in the number of PI 2 live cells, observed by flow cytometry (P ¼ .02, 2-sample Student's t-test; Fig. 2A and B) . KLK6 produced a parallel reduction in cell death in staurosporine-treated SF767 astrocytoma cells (P ¼ .001, 2-sample Student's t-test; Fig. 2C ). To determine the ability of KLK6 to alter apoptosis, U251 cells were treated with staurosporine in the presence of KLK6 and stained with annexin V in addition to PI prior to flow cytometry. As shown in Fig. 3A ) seen in response to staurosporine treatment (P ≤ .04, 2-sample Student's t-test). In the staurosporine model, KLK6 improved GBM cell survival and correspondingly decreased cell death by 20%. We note that PI or 7-AAD labeling in untreated cells that was run in parallel in each experiment did not exceed 2.1%. We applied western blot approaches to demonstrate that KLK6 significantly decreases PARP cleavage in U251 cells treated with staurosporine. We note that U251 cells showed a relatively high baseline level of PARP cleavage, as observed in previous studies. 42, 43 PARP is one of the final substrates cleaved by caspase-3 in the apoptosis cascade, and its cleavage was increased in U251 cells treated with staurosporine for 6 h. The amount of cleaved PARP was significantly reduced in cells cotreated with KLK6 (Fig. 3C) ; PARP cleavage was reduced to 45 + 10.4% of control levels across 3 separate experiments (P ¼ .01, Student's t-test).
KLK6-Mediated Survival of Astrocytoma Cells Depends in Part on Activation of PAR1
Emerging data indicate that at least some KLKs, including KLK6, are likely to mediate their cellular effects by activation of select PARs. 27, 31, 44, 45 To determine the role of PAR1 in mediating the prosurvival effects of KLK6 in U251 astrocytoma cells, PAR1 RNA levels were downregulated using shRNA targeting vectors (Fig. 4) . Two PAR1 knockdown vectors were identified, which produced 48.5 + 6.2% and 65.3 + 8.0% knockdown of PAR1 RNA in the resultant antibiotic selected cell lines (shPAR1-3 and shPAR1-4), respectively. Recombinant KLK6 was able to promote survival of staurosporine-treated U251 cells transfected with a nontargeting control, but such prosurvival effects were reduced in each PAR1 knockdown, with reductions reaching the level of statistical significance in cells with the highest levels of enforced PAR1 knockdown (P , .03, 2-sample Student's t-test).
Overexpression of KLK6 in Astrocytoma Cells Promotes Survival in Multiple In vitro Models of Cell Death
To validate the prosurvival effects generated by recombinant KLK6 in astrocytoma cells, stable U251 astrocytoma cell lines overexpressing human KLK6 were generated. Four unique clones were generated, each showing parallel effects across the experiments described (Figs 5-7) . The KLK6 expression construct contains GFP C-terminal to the KLK6 insert. GFP was readily visualized in overexpressing cells in a perinuclear distribution, consistent with the localization of KLK6 to organelles involved in the secretory pathway 46 ( Fig. 5H ). Significant levels of GFP were also visualized at the cell membrane in U251 KLK6-GFP transfected cells, demonstrating that KLK6 is being secreted and associates with the surface of glioma cells. By contrast, U251 cells transfected with a control GFP -expressing vector showed a uniform distribution of GFP within the cell cytoplasm without selective subcellular localization (Fig. 5D ). Approximately 35% of cells in KLK6-CMV-transfected antibiotic-selected cultures and 40% of cells in GFP-CMV-transfected antibioticselected cultures were visually GFP + at any given time. Significant elevations in KLK6 gene transcription were also readily detected by PCR in KLK6-GFP-transfected U251 astrocytoma cells. Parallel to results seen with recombinant KLK6, U251 cells with enforced KLK6 overexpression showed significantly improved survival when challenged with staurosporine ( Fig. 5A and B ; P ¼ .02,
2-sample Student's t-test).
To determine whether elevations in KLK6 influence the sensitivity of GBM to conventional therapies, the effects of KLK6 overexpression on U251 astrocytoma cell survival were examined in response to treatment with radiation or TMZ alone or in combination (Fig. 6 and Table 2 ). Cell death in these models is much more protracted relative to that seen with staurosporine, and therefore clonogenicity assays were used to evaluate survival. Since KLK6-overexpressing cells showed enhanced colony formation under no treatment conditions (P ≤ .02, 2-sample Student's t-test), clonogenic assays across a given treatment were carried out with the same initial plating density (Fig. 6 and Table 2 ). KLK6-overexpressing U251 cells were more resistant to cell death when treated with either 2 Gy or 5 Gy of radiation (P ≤ .007, 2-sample Student's t-test). KLK6-overexpressing cells also showed significantly improved colony formation after treatment with 10 mM TMZ (P ¼ .002, 2-sample Student's t-test). Finally, KLK6-overexpressing U251 cells were also more resistant to cell death in response to combined treatment with 10 mM TMZ plus 2 Gy radiation (P ≤ .002, 2-sample Student's t-test).
Cisplatin is another highly effective chemotherapeutic agent, although its lack of penetration of the blood-brain barrier currently limits its application in GBM. Supporting the robust and broad prosurvival effects elicited by KLK6, we show that KLK6-overexpressing U251 astrocytoma cells are more resistant to cisplatin-induced cell death when examined using markers of cell death in short-term flow cytometry studies (P ¼ .005, 2-sample Student's t-test) or in longterm colony-forming assays (P ≤ .002, 2-sample Student's t-test; Fig. 7 and Table 2 ).
Discussion
Given the robust upregulation of KLK6 in reactive astrocytes 27 and its potential involvement in malignancy, 7 we have made a comprehensive examination of KLK6 expression and its functional significance in high-grade astrocytoma. Results demonstrate for the first time that KLK6 expression is highly elevated in a subset of GBM patient tumors and is associated with shortened postsurgery survival times. Moreover, our studies show that KLK6 promotes survival of glioblastoma cell lines in the face of several well-studied apoptosis-inducing agents, including RT and/or TMZ. Importantly, the ability of KLK6 to promote tumor cell survival was shown to be dependent on PAR1, such that both KLK6 and PAR1 represent potential new therapeutic targets for the development of approaches to sensitize GBM to cytotoxic agents, thereby improving response to therapy and potentially patient survival.
High-grade gliomas are molecularly heterogeneous, and the results presented here suggest that KLK6 is a marker of such heterogeneity, with elevated levels predictive of shortened postsurgery patient survival. Importantly, higher KLK6 IR scores were associated with reduced patient survival even after controlling for gender and ECOG performance score, the latter of which along with age is a robust predictor of patient survival. 1 The risk of significantly reduced patient survival was more than 2-fold higher in GBM patients with high tumor KLK6 IR scores. However, when age was included in the multivariable analysis, KLK6 IR scores were no longer a significant predictor of survival. Age is known to be one of the most powerful prognostic indicators of GBM patient survival. 1 While KLK6 levels may not be a stronger indicator of GBM patient survival than age, the significant association of elevated KLK6 Fig. 4 . Knockdown of PAR1 blocks KLK6-mediated rescue of staurosporine-treated U251 astrocytoma cells. (A) U251 cells were stably transfected with a vector coding for an shRNA specific for human PAR1 (shPAR1-3 or shPAR1-4) or a no target control vector, and the ability of KLK6 (5 mg/mL) to reduce staurosporine (1 mM)-induced cell death was examined. Histogram shows that the ability of recombinant KLK6 to reduce cell death elicited by staurosporine was reduced by both PAR1-targeting vectors but only significantly blocked by the shPAR1-4 vector that produced the highest levels of knockdown (65%). In this experiment, untreated control cells contained 1.9%, 2.0%, and 1.9% PI + cells in the case of no target control, shPAR1-3, and shPAR1-4 cells, respectively. (B) Knockdown of PAR1 RNA was determined by real-time RT-PCR (ratio of PAR1 copy number to GAPDH copy number calculated in each case and expressed as percent control). Data shown are mean + SEM of triplicate samples examined in parallel, 2-sample Student's t-test: *P , .03, **P , .015.
with reduced patient survival highlights the likely participation of this unique serine protease in GBM malignancy. KLK6 IR levels were 3-fold higher in grade IV compared with grade III glioma specimens. The likely association of KLK6 with tumor grade is further supported by a recent study of KLK6 RNA expression across intracranial grades I to IV tumors, which demonstrated that higher KLK6 levels are associated with higher tumor grade. 23 In this study, the presence or absence of KLK6 expression across grades was found to be a significant predictor of disease-free patient survival. In the present study, we examined KLK6 RNA in an independent set of grade IV tumor specimens, and while we found a wide range of expression, reflecting KLK6 IR in the tissue microarrays, we were able to readily detect KLK6 in all GBM samples examined. Overall, KLK6 RNA levels were 20-fold higher in GBM relative to healthy brain samples. While 2 prior studies reported significant reductions in KLK6 in high-grade glioma, 21, 22 the present results, taken with the recent findings of Talieri et al, 23 strongly support the association of elevated KLK6 with a more malignant glioma phenotype and with reduced patient survival. Corresponding to these findings in glioma, elevations in KLK6 are reported to be a poor prognostic indicator in ovarian, 9 -12 gastric, 14 and colon cancers, 15, 16 in addition to non-small-cell lung cancer. 13 We demonstrate that KLK6 promotes the survival of glioblastoma cell lines even in the presence of staurosporine and cisplatin as well as RT and/or TMZ. Since RT and TMZ are the current standards of care for GBM patients, 47 additional studies will be needed to determine whether KLK6 may serve as a molecular target to improve the response of GBM to these and perhaps other cytotoxic therapies. The hypothesis that KLK6 may contribute to reduced survival in GBM patients by promoting the resistance of glioblastoma cells to apoptosis was driven by our recent discovery that KLK6 promotes the survival of Jurkat leukemia cells. 31 In these studies, we demonstrated that recombinant KLK6, or enforced KLK6 overexpression, promotes the survival of Jurkat T-cells, in addition to murine T-and B-cells, in response to a wide variety of apoptosis-inducing agents, including staurosporine, camptothecin, dexamethasone, and Fas ligand. Also, we demonstrated that KLK6-mediated prosurvival effects were associated with increases in Bcl-XL and suppression of the pro-apoptotic protein Bim. The likely anti-apoptotic effects of KLK6 are further supported by a recent study demonstrating that KLK6 shRNA results in an increase of active caspase-8 and -3 in colon cancer cell lines. 15 The present study demonstrates that KLK6 reduces markers of apoptosis in glioblastoma cells treated with staurosporine, including annexin V staining and PARP cleavage. Together these studies support a novel model in which KLK6 drives malignancy by promoting resistance to apoptosis. Therefore, reduced survival in GBM patients with elevated levels of KLK6 may relate to a survival advantage that this protease confers at the level of glioblastoma cells.
The mechanism by which KLK6 promotes the resistance of tumor cells to apoptosis was shown to depend at least in part on activation of PAR1. As cell surface G-protein coupled receptors, PARs endow the cell with the ability to respond, or to overrespond, to the rapidly changing proteolytic microenvironment, such as that known to occur in GBM. 48 Four PARs (PAR1-PAR4) have been identified, with PAR1 otherwise known as the thrombin receptor. Alterations in PAR signaling have already been implicated widely in disease, including roles in cancer, asthma, atherosclerosis, arthritis, and colitis. 49 PAR1 is expressed in 76.9% of primary gliomas 50 and is therefore positioned to be an important player in glioma biology, including as a mediator of the prosurvival effects of KLK6 that we demonstrate in this study.
A major advance in delineating the likely mechanism of action of KLKs in malignancy came with our recent discovery that KLK6 and other select KLKs cleave the extracellular domain of PAR1 and PAR2. 27, 31, 44, 45, 51 Proteolytic cleavage of PAR reveals a tethered ligand that binds intramolecularly to elicit signaling. 49 KLK6-mediated activation of PARs has already been shown to trigger signaling intermediates that profoundly affect cellular biology relevant to tumorigenesis, 27, 45 including signaling cascades that regulate sensitivity to apoptosis. 31 In the present study, we used PAR1 shRNA to demonstrate that this receptor plays a key role in the mechanism by which KLK6 mediates its prosurvival effects in glioblastoma cells. Notably, prosurvival effects of PAR1 signaling through Bcl2 family members have also been observed in prostate cancer cells 52 and through activation of Akt in breast cancer cell lines. 53 In neu-oncogene -transformed murine Table 2 . (*P , .001, **P ≤ .005, 2-sample Student's t-test).
astrocytes, KLK6 activates both PAR1 and PAR2 to trigger Ca 2+ signaling and activation of the Akt and extracellular signal-regulated kinase signaling cascades. 45 In primary murine immune cells, KLK6 increases Bcl-XL and suppresses Bim expression. 31 Taken together, these data support the role of PAR1 in mediating the cellular effects of KLK6, including its prosurvival effects, for which PAR1 appears necessary. Additional studies will be needed to determine the extent to which PAR2, or other PARs, may also be involved in driving the malignant properties of glioma and the signaling intermediates involved.
While the present studies strongly support the concept that KLK6 drives glioma malignancy by promoting resistance to apoptosis, they do not rule out other possible mechanisms. KLK6 promotes production of interleukin-6 in primary murine astrocytes and their transformation from an epithelioid to a mesenchymal morphology. 27 These changes are cardinal signs of astrogliosis 54 and prominent features of GBM malignancy, 2 and their regulation by KLK6 in glioblastoma warrants further investigation. Tumor invasivity is also a prominent feature of GBM and is well known to contribute to poor patient survival. 1 As secreted serine proteases, KLK6 26, 33, 55 and other KLKs (see Sotiropoulou 6 for review) are known to participate in turnover of extracellular matrix proteins and therefore are well positioned to mediate tumor invasion. A role for KLK6 in tumor invasion has already been demonstrated in other cancer types in vitro, including in colon, 15, 56 ovarian, 57 and breast cancer cell lines. 58 Interestingly, in melanoma cell lines the ability of KLK6 to promote invasion was shown to be PAR1 dependent. 59 Importantly in this regard, PAR1 activation also promotes migration of renal carcinoma cells in vitro, 60 invasion of breast carcinoma in vivo, 61 and chemokinesis of human melanoma cells. 62 Therefore, the possibility that KLK6 contributes to reduced survival in GBM patients not only by promoting tumor cell survival, but also by promoting tumor cell invasion, epithelialmesenchymal transition, and interleukin-6 production 27 makes it an attractive therapeutic target that warrants further investigation.
The results of this investigation strongly support the concept that elevations in GBM tumor KLK6 are a poor prognostic indicator of patient survival and correlate with glioma malignancy. In addition, these studies provide evidence to support a pathophysiological model in which KLK6 promotes tumor cell survival in an autocrine or paracrine fashion by activation of PAR1. Additional research will be needed to determine how best to incorporate other prominent features of glioma malignancy, including GBM dispersion, epithelial-mesenchymal transition, cytokine production, and immune modulation, into this emerging tumor malignancy model driven by KLK-PAR. Importantly, these studies suggest that KLK6 or PAR1 provides new and highly druggable targets for the development of adjunctive therapies to promote the sensitivity of GBM to the current standard of patient care, that is, RT and TMZ, and certainly in this regard additional studies are urgently needed.
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